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(54) Method and apparatus for increasing the efficiency of a multi-stage compressor 



(57) A mufti-stage compressor, including a system 
for the injection of a cooling liquid into at least a portion 
of the compressor stages to increase the efficiency of 
the multi-stage compressor by reducing the tempera- 



ture of the compressed gas produced in the multi-stage 
compressor. A cleaning solution may also be injected 
through nozzles used for the injection of the cooling liq- 
uid. 
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Description 

FIELD OF THE INVENTION 

[0001] This invention relates to an improvement In the 
fabrication and operation of multi-stage compressors to 
achieve increased efficiency by cooling the compressed 
gas in at least a portion of the stages and by cleaning 
the rotors in at least a portion of the stages by the injec- 
tion of cleaning chemicals via nozzles used for the in- 
jection of a cooling fluid into at least a portion of the stag- 
es. 

FIELD OF THE INVENTION 

[0002] In many industrial applications such as the use 
of turbines to generate electrical power and the like, it 
is necessary that large volumes of gas, such as air, be 
compressed to relatively high pressures. While various 
types of gases such as hydrogen, natural gas, and the 
like are frequently compressed, the present invention 
will be discussed primarily by reference to the compres- 
sion of air, although it is also useful with other gases. 
Large quantities of air are typically compressed for use 
for the combustion of natural gas or the like to provide 
a gaseous stream for use in driving turbines to generate 
electricity. 

[0003] When gases are compressed, it is well known 
that the temperature of the compressed gas increases 
as the pressure is increased. In some instances, when 
high pressures are desired, it has been necessary to use 
a first compressor followed by inter-stage cooling and 
subsequent compression in a second compressor to 
reach the desired compression levels within tempera- 
ture limitations of the compressors. In some instances, 
more than two compression stages have been required. 
[0004] The use of such inter cooler steps has not gen- 
erally been considered feasible for multi-stage com- 
pressors, particularly axial compressors comprising a 
plurality of stages with each stage comprising a set of 
rotor blades and a set of stator blades which have been 
used to compress air for use in the generation of elec- 
tricity. Axial compressors have been the preferred types 
of compressor for this application. 
[0005] A further problem in maintaining the capacity 
of compressors used for such purposes has been the 
tendency of the compressor blades to foul. This results 
in a substantial loss of power in the compressor. Various 
techniques have been used in attempts to clean the 
blades and avoid the loss of power. Some such tech- 
niques are discussed in "Gas Turbine Compressor 
Washing State of the Art - Field Experiences," by Jean 
Pierre Stadler, The American Society of Mechanical En- 
gineers, 98-GT-420, 1998. In this article various tech- 
niques have been discussed for cleaning deposits from 
the blades of compressors. It appears that the cleaning 
solutions were introduced via the air inlet to the com- 
pressors. 
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[0006] As a result of the large amount of air required 
for electrical power generation as well as the require- 
ments for large volumes of other gases, a continuing 
search has been directed to the development of a meth- 
5 od and a compressor design, which can more efficiently 
compress gases. 

SUMMARY OF THE INVENTION 

10 [0007] According to the present invention, increased 
efficiency in such compressors can be achieved by a 
method for increasing the efficiency of the compression 
in a multi-stage compressor by injecting a quantity of a 
finely-divided mist of a selected liquid into at least one 
*5 stage of the compressor to reduce the temperature of a 
compressed gas in the at least one stage thereby per- 
mitting the compression at an increased efficiency. 
[0008] The invention further comprises an improved 
multi-stage compressor which includes a plurality of 
20 nozzles positioned to inject a quantity of a finely-divided 
mist of a selected liquid into at least one stage of the 
compressor to reduce the temperature of a compressed 
gas stream in at least one stage thereby enabling more 
efficient compression of the compressed gas and a re- 
duction in the compressor power requirement. 
[0009] The invention further comprises a multi-stage 
gas compressor comprising: an outer housing having an 
inside and an outside, an inlet and an outlet and sup- 
porting on its inner surface a plurality of rows of stator 
blades arranged around the inside of the outer housing; 
a rotor rotatably positioned inside the outer housing, 
having an outside, a first end near the inlet of the outer 
housing and a second end near the outlet of the outer 
housing and a plurality of rows of rotor blades arranged 
around the outside of the rotor with at least a portion of 
the rows of rotor blades being between the rows of stator 
blades, each row of the rotor blades with a succeeding 
row of stator blades forming a single compressor stage; 
and, at least one mist injection nozzle positioned to in- 
ject a selected quantity of a finely-divided mist of a se- 
lected liquid into the compressor between at least one 
pair of the stator blades in at least one of the rows of 
stator blades in at least one stage to enable more effi- 
cient compression of a compressed gas. 
[0010] The invention further comprises a method for 
increasing the compressor efficiency in a multi-stage 
gas compressor comprising: an outer housing having an 
inside and an outside, an inlet and an outlet and sup- 
porting on its inner surface a plurality of rows of stator 
blades arranged around the inside of the outer housing; 
a rotor rotatably positioned inside the outer housing, 
having an outside, a first end near the inlet of the outer 
housing and an outlet near the outlet of the outer hous- 
ing and a plurality of rows of rotor blades arranged 
around the outside of the rotor, each row of rotor blades 
taken with a succeeding row of stator blades forming a 
single compressor stage; and, at least one mist injection 
nozzle positioned to inject a selected quantity of a finely- 
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divided mist of a selected liquid into the compressor be- 
tween at least one pair of the stator blades in at least 
one of the rows of stator blades. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] 

Figure 1 is a cross sectional view of a multi-stage 
axial compressor; 

Figure 2 is a cross sectional end view of the com- 
pressor of Figure 1 taken at line AA; 
Figure 3 is a cross sectional view of a nozzle in- 
stalled through an outer housing of the compressor 
shown in Figure 1; 

Figure 4 is a cross sectional view of a nozzle suita- 
ble for use in the practice of the present invention; 
and, 

Figure 5 is a schematic diagram of the piping used 
to inject the selected liquid into the compressor 
shown in Figure 1. 

DESCRIPTION OF PREFERRED EMBODIMENTS 

[0012] In the discussion of the Figures, the same 
numbers will be used throughout to refer to the same or 
similar components. Further details of the construction 
and operation of compressors not necessary for the de- 
scription of the present invention have not been shown 
or discussed. 

[0013] In Figure 1 an axial compressor 10 having a 
central axis 11 is shown. Compressor 10 comprises an 
outer housing 1 2 having an outside 68 and an inside 70. 
A rotor 14 is coaxially positioned inside outer housing 
12 for rotation and includes an outside 76. Rotor 14 as 
shown is rotatably driven by a shaft 16 which may be 
coupled to any convenient power source. Outer casing 
1 2 further includes an inlet 1 8, which is typically covered 
by a screen 20, or the like to prevent the passage of 
particulate materials into compressor 10. An arrow 21 
shows airflow into compressor 10 with air flow inside 
compressor 10 to compression being shown by arrows 
22. Compressor 10 includes a plurality of rotor blades 
24R positioned in a row generally around the outside 76 
of rotor 1 4 to interact with stator blades 24S. The rotor 
blades rotate as rotor 14 is rotated to drive the gas to- 
ward a discharge from compressor 1 0 as shown by ar- 
rows 23. The discharged air can be passed to use in any 
of a variety of desired applications. In the applications 
mentioned previously, when the gas is air it may be 
passed to combination with a combustible gas for com- 
bustion to produce a hot gas to drive a turbine or the like. 
[0014] A plurality of pairs of rotor and stator blades 
are shown. Rotor and stator combinations 24R and 24S 
form a stage of compressor 10. Similarly combination 
26R and 26S, 28R and 28S, 30R and 30S, and 32R and 
32S form stages. Not all of the rotor and stator blades 
have been numbered. As the gas is driven by the rotor 
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blades, the stator blades tend to maintain relatively 
smooth flow along the axial length of compressor 10. 
[0015] As shown by arrows 34, according to the 
present invention, a cooling liquid is desirably injected 
5 into compressor 10 between the stator blades in the 
rows formed by stators 24S, 26S, 28S, etc. The cooling 
liquid may be injected into any or all of the stages and 
it is desirably injected at evenly spaced locations around 
each of the injected rows of stator blades. 
io [001 6] In Figure 2, a more detailed showing of the in- 
jection system is presented. An end view is taken at the 
front of the row of stator blades 24S as indicated by line 
AA. An end view of stator 14 is shown. For simplicity, 
stator 14 has been shown as a solid body whereas in 
*5 fact it is typically a hollow-membered construction which 
is of sufficient strength to support rotor blades and the 
like. Such details form no part of the present invention. 
Stator blades 24 are shown with a nozzle feed line 34 
extending to the spaces between each pair of stator 
blades. As shown, lines 34 are flexible hose lines which 
extend from a manifold tubing 32 to a nozzle assembly 
38 (shown in Figure 3) at each injection site. Nozzle as- 
semblies 38 are supplied with liquid from a feed line 36 
through a manifold tubing 32 as will be discussed in 
greater detail hereinafter. '* 
[0017] As noted previously, a cooling liquid may be 
injected between any or all of the pairs of stator blades, 
but is preferably injected at evenly spaced locations 
around each injected row of stator blades. The determi- 
nation as to whether an injection should be made be- 
tween a selected number or ail of the stator blades is a 
function of the amount of cooling desired in the particular 
stage and the like. 

[0018] In Figure 3, a more detailed construction of a 
nozzle positioned through outer housing 12 is shown. 
Two stator blades 24S are shown with the nozzle as- 
semble 38 being positioned to inject a mist of a liquid 
between the two stator blades. Nozzle 40 is designed 
to be normally recessed a slight distance outside the in- 
side of outer housing 1 2. The nozzle construction details 
will be discussed subsequently but generally nozzle 40 
is formed of a relatively thick walled material which in- 
cludes a feed line 34 which extends to a junction with 
manifold tubing 32. While nozzle feed lines 34 have 
been shown as a tube in Figure 3, the nozzle feed line 
upstream from tubular lines 34 may be, and desirably is 
a flexible hose as known to those skilled in the art for 
transmitting liquids under high pressure. The flexible 
hose may in fact extend from line 32 to and be connect- 
ed to a fitting 42, which is used to sealing position nozzle 
assembly 38 through outer housing 12. Fitting 42 as 
shown includes a member which may be screwed into 
position and includes an O-ring seal 44. Alternatively, 
fitting 42 could be welded in position or otherwise seal- 
ingly retained in position by other mechanical means 
known to those skilled in the art and sufficient to prevent 
the leakage of compressed air from inside outer housing 
12 around nozzle 40. 
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[001 9] Nozzle assembly 38 is shown in greater detail 
in Figure 4 and comprises a nozzle 40 which is a heavy 
walled section which has openings 50 drilled to spray a 
finely-divided mist from the nozzle in a selected pattern 
and which is sealingly joined to line 34 by any suitable 
connection, shown in Figure 4 as welds 55. The open- 
ings 50 are desirably drilled by a laser or other means 
for producing an extremely small passageway desirably 
less than about 0.015 inches in diameter. Nozzle as- 
sembly 38 is placed in an opening 51 positioned through 
an outer wall of outer housing 12, sized to closely con- 
tain nozzle assembly 38 and having a reduced diameter 
section 53 smaller than an outer diameter 57 of nozzle 
40 at its outlet end into compressor 10. Tubing section 
34 is a heavy wall tubing section which extends upward- 
ly to fitting 42 and may extend beyond fitting 42 if de- 
sired. As indicated previously, it is desirable that at least 
a portion of line 34 above fitting 42 comprise a flexible 
hose for ease of positioning and operation. Nozzle 40 is 
sized to closely fit in opening 51 and has an outer diam- 
eter larger than reduced diameter section 53. Nozzle 40 
is fabricated of a heavy walled material and since it is 
larger in diameter than reduced diameter section 53, it 
cannot move through reduced diameter section and pre- 
vents the entry of any particulates, component parts and 
the like into compressor 10 via opening 51 . 
[0020] The manifold 32 shown in Figure 2 may be tub- 
ing and maybe positioned around outer shell 12 by any 
convenient method. 

[0021] In Figure 5, a schematic diagram of the flow 
lines to at least a portion of the nozzles is shown. Line 
36, as shown in Figure 3, includes upstream from line 
32 a check valve 46. This check valve is effective to pre- 
vent any loss of compressed gas from compressor 1 0 
in the event that there is no flow of liquid into compressor 
1 0 via line 36. Check valve 46 prevents the flow of liquid 
or gas through line 36 from line 32 and outer shell 12. 
Upstream from check valve 46 a metering orifice 52 of 
any suitable design known to those skilled in the art is 
positioned in line 36. A differential pressure meter 54 is 
connected to measure the differential pressure across 
orifice 52 and determine the flow rate through line 36. 
Differential pressure gauge 54 includes a connection 56 
to a computer (not shown) which is used to control the 
injection into compressor 1 0 as will be discussed further. 
Further upstream from metering orifice 52, a control 
valve 58 is positioned in line 36. Control valve 58 is ac- 
tivated and regulated by a control connection 60 which 
may be actuated by a computer signal. The computer 
functions to regulate the flow of liquid through valve 58 
for each stage of injection so that controlled quantities 
of liquid can be injected into compressor 10 as desired 
from line 36 through manifold line 32, flexible hoses 34 
and nozzle assemblies 58 to control the temperature of 
the compressed gas flowing through compressor 10. 
The quantity of finely-divided mist is a fraction of a per- 
cent of the total gas flow through the compressor. The 
additional mass flow as a result of the water addition is 



so small it can be neglected in calculations of power re- 
quired to drive the compressor. 

[0022] Further in Figure 5, a line 62 is shown for the 
addition of a cleaning chemical stream to line 36. The 

5 flow of liquid through this line is controlled by a control 
valve 64, which is regulated by a line 66 to a control 
computer. The control computer acts upon the informa- 
tion collected from lines 56, 60, 66 and other information 
such as the discharge temperature of the compressed 

10 gas, the temperature of the gas in at least a portion of 
the stages, and the like, to determine the amount of liq- 
uid to be charged through each nozzle into each stage. 
While not shown, temperature sensors may be posi- 
tioned to detect the temperature in at least a portion of 

15 the stages and the like. Further, the gas pressure may 
be measured in a portion of the stages and the inlet and 
outlet temperatures from compressor 1 0 may be meas- 
ured as well as the outlet pressure. 
[0023] In general, it is believed that the temperature 

20 in an axial compressor of the type shown will be such 
that any water injected into the compressor after about 
stage 8 will be completely vaporized into steam imme- 
diately. The liquid is injected as a finely-divided mist 
which may remain as a vaporous mist in the stages at 

25 a temperature below the boiling point of water as the air 
moves along the length of compressor 1 0 up to stage 8. 
The air velocity axialfy along compressor 10 is difficult 
to determine but is estimated to be from about 500 to 
about 550 feet per second during normal operation. Ac- 

30 cordingly, the average air residence time in compressor 
10 is a small fraction of one second. As a result, the 
finely-divided mist is present in a highly turbulent air 
stream and is probably at least partly vaporized as it 
moves through the stages prior to stages which operate 

35 at a temperature above the boiling point of water. As a 
result of the injection of the liquid, which is desirably wa- 
ter when air is the compressed gas, the temperature of 
the air is reduced in each stage by a small amount with 
the net result that the amount of work to compress the 

^0 gas to the desired pressure is reduced. If the liquid is 
injected in the stages near the compressor discharge it 
may be necessary to pre-heat the liquid prior to injection 
to avoid thermal shock to the equipment. Not only is the 
amount of work required reduced, but also as a result 

45 of the reduction of temperature a larger mass of com- 
pressed gas can be produced from a compressor of a 
given size at a desired pressure. As well known to those 
skilled in the art, the temperature and density of the air 
increase rapidly as the gas is compressed. Since the 

so increased temperature makes it more difficult to com- 
press the gas, the cooling of the gas in at least a portion 
of the stages results in the production of a given mass 
of compressed gas at a given pressure at a lower tem- 
perature. Accordingly, the efficiency of compression is 

55 increased by the use of the progressive injection of the 
cooling liquid along the length of axial compressor 10. 
[0024] Similarly, it is known that fouling of the blades 
in axial compressors is very detrimental to the efficiency 
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of the compression operation. Accordingly, considera- 
ble effort has been devoted to determining how contam- 
inants may be removed from the blades in axial and oth- 
er compressors. In the article "Gas Turbine Compressor 
Washing State of the Art-Field Experiences ," by Jean 
Pierre Stalder, referred to previously, it is recognized 
that pollution on the compressor blades is very detri- 
mental to compressor operations. It appears from the 
article that the disclosed attempts to remove the pollu- 
tion injected cleaning solutions only into the inlet gas. 
[0025] Not only have attempts been made previously 
to clean pollution from the injector blades by injecting 
cleaning materials with the inlet gas, but attempts have 
also been made to improve compressor efficiency by 
cooling the inlet gas charged to the compressor. One 
attempt to achieve such cooling is the use of water spray 
mists, which are discharged into the inlet gas. The use 
of cooling mists in this fashion does not cool the com- 
pressor over any substantial portion of its length. The 
net result is simply an addition to the humidity of the gas 
at the inlet with little effect on the discharge temperature 
of the gas. By contrast, the use of the present invention 
to inject a cooling liquid along the length of compressor 
10 results in a substantial reduction in the amount of 
work required to compress the gas. 
[0026] Having thus described the invention by refer- 
ence to certain of its preferred embodiments, it is re- 
spectfully pointed out that the embodiments described 
are illustrative rather than limiting in nature and that 
many variations and modifications are possible within 
the scope of the present invention . Many such variations 
and modifications may be considered obvious and de- 
sirable to those skilled in the art based upon a review of 
the foregoing description of preferred embodiments. 



Claims 

1 . A multi-stage gas compressor comprising: 

a) an outer housing having an inside and an 
outside, an inlet and an outlet and supporting 
on its inner surface a plurality of rows of stator 
blades arranged around the inside of the outer 
housing; 

b) a rotor rotatably positioned inside the outer 
housing having an outside, a first end near the 
inlet of the outer housing and a second end 
near the outlet of the outer housing and a plu- 
rality of rows of rotor blades arranged around 
the outside of the rotor, each row of rotor blades 
taken with the succeeding row of stator blades 
forming a single compressor stage; and, 

c) at least one mist injection nozzle positioned 
to inject a selected quantity of a finely-divided 
mist of a selected liquid into the compressor be- 
tween at least one pair of the stator blades in 
at least one of the rows of stator blades. 



2. The compressor of Claim 1 wherein a plurality of 
mist injection nozzles are positioned to inject a fine- 
ly-divided mist of a selected liquid into the compres- 
sor at a plurality of locations between pairs of the 

s stator blades in at least one row of stator blades. 

3. The compressor of Claim 1 wherein at least one 
mist injection nozzle is positioned to inject a finely- 
divided mist of a selected liquid into the compressor 
between at least one pair of the stator blades in a 
plurality of rows of stator blades. 

4. The compressor of Claim 3 wherein a plurality of 
mist injection nozzles are positioned to inject a fine- 
ly-divided mist of a selected liquid into the compres- 
sor at a plurality of locations between pairs of the 
stator blades in a plurality of rows of stator blades. 

The compressor of Claim 1 wherein at least a por- 
tion of the injection nozzles comprise an injection 
nozzle outlet positioned to inject a finely-divided 
mist into the compressor and a nozzle feed line, the 
injection nozzle being in fluid communication with a 
source of high pressure liquid outside the outer 
housing via the nozzle feed line. 

6. The compressor of Claim 5 wherein the nozzle feed 
line includes a check valve. 

7. The compressor of Claim 5 wherein at least a por- 
tion of the nozzle feed line comprises a flexible 
hose. 

8. The compressor of Claim 5 wherein the nozzle feed 
line includes a flow measuring device and a flow- 
regulating valve. 

9. The compressor of Claim 8 wherein the compressor 
includes a computer in operative communication 
with at least one of the flow measuring devices and 
the flow regulating valve to control the quantity and 
injection location of the injected liquid. 

1 0. The compressor of Claim 5 wherein the compressor 
includes a source of a cleaning chemical and a 
chemical feed line in fluid communication with at 
least a portion of the nozzle feed lines to enable the 
injection of at least one cleaning chemical into the 
compressor. 

1 1 . A method of increasing the capacity of a multi-stage 
gas compressor comprising: an outer housing hav- 
ing an inside and an outside, an inlet and an outlet 
and supporting on its inner surface a plurality of 
rows of stator blades arranged around the inside of 
the outer housing; a rotor rotatably positioned inside 
the outer housing having an outside, a first end near 
the inlet of the outer housing and an outlet near the 
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outlet of the outer housing and a plurality of rows of 
rotor blades arranged around the outside of the ro- 
tor, each row of rotor blades taking with the suc- 
ceeding row or stator blades forming a single com- 
pressor stage; and, at least one mist injection noz- 
zle positioned to inject a selected quantity of a fine- 
ly-divided mist of a selected liquid into the compres- 
sor between at least one pair of the stator blades in 
at least one of the rows of stator blades by injecting 
a quantity of finely-divided mist of a selected liquid 
into the compressor between at least one pair of 
stator blades. 

12. The method of Claim 1 1 wherein the injected liquid 
is water. 

1 3. The method of Claim 1 2 wherein the water is inject- 
ed into at least a portion of the stages in the com- 
pressor in an mount sufficient to reduce the temper- 
ature of a compressed gas stream discharged from 
the compressor to a selected temperature. 
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to inject a selected quantity of a finely-divided 
mist of a selected liquid into the compressor be- 
tween at least one pair of the stator blades in 
at least one of the rows of stator blades. 

18. The compressor of Claim 1 6 wherein the compres- 
sor is a centrifugal compressor. 

19. A method for increasing the capacity of a multi- 
stage compressor by injecting a quantity of a finely- 
divided mist of a selected liquid into at least one 
stage of the compressor to reduce the temperature 
of a compressed gas in the at least one stage there- 
by permitting the compression of an increased 
quantity of compressed gas at a selected discharge 
temperature. 



14. The method of Claim 12 wherein a second liquid 
stream containing a cleaning chemical is injected 
into the compressor to clean at least a portion of the 25 
stator blades and at least a portion of the rotor 
blades. 



15. The method of Claim 14 wherein thecleaning chem- 
ical is injected into at least one of the first three stag- 30 
es. 



16. A multi-stage compressor including at least one 
nozzle positioned to inject a quantity of a finely-di- 
vided mist of a selected liquid into at least one stage 35 
of the compressor to reduce the temperature of a 
compressed gas stream in the at least one stage 
thereby enabling the compression of an increased 
quantity of gas at a selected discharge pressure. 

40 

17. The compressor of Claim 16 wherein the compres- 
sor is an axial compressor wherein the compressor 
comprises: 

a) an outer housing having an inside and an 45 
outside, an inlet and an outlet and supporting 

on its inner surface a plurality of rows of stator 
blades arranged around the inside of the outer 
housing; 

b) a rotor rotatably positioned inside the outer so 
housing having an outside, a first end near the 
inlet of the outer housing and an outlet near the 
outlet of the outer housing and a plurality of 
rows of rotor blades arranged around the out- 
side of the rotor, each row of rotor blades taking 55 
with the succeeding row or stator blades form- 
ing a single compressor stage; and, 

c) at least one mist injection nozzle positioned 
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